Background: Septins serve as scaffolds for membrane-associated protein complexes. Results: Knockdown of septin-2 or disruption of septin assembly/disassembly impairs interactions between exocytic proteins and inhibits late steps of exocytosis. Conclusion: Septins undergo dynamic reorganization to facilitate localized and timely interactions between exocytosis-essential proteins. Significance: Both the presence of septin-2 and active reorganization of septin oligomers are required for exocytosis.
Septins are a family of 14 cytoskeletal proteins that dynamically form hetero-oligomers and organize membrane microdomains for protein complexes. The previously reported interactions with SNARE proteins suggested the involvement of septins in exocytosis. However, the contradictory results of up-or down-regulation of septin-5 in various cells and mouse models or septin-4 in mice suggested either an inhibitory or a stimulatory role for these septins in exocytosis. The involvement of the ubiquitously expressed septin-2 or general septin polymerization in exocytosis has not been explored to date. Here, by nano-LC with tandem MS and immunoblot analyses of the septin-2 interactome in mouse brain, we identified not only SNARE proteins but also Munc-18-1 (stabilizes assembled SNARE complexes), N-ethylmaleimide-sensitive factor (NSF) (disassembles SNARE complexes after each membrane fusion event), and the chaperones Hsc70 and synucleins (maintain functional conformation of SNARE proteins after complex disassembly). Importantly, ␣-soluble NSF attachment protein (SNAP), the adaptor protein that mediates NSF binding to the SNARE complex, did not interact with septin-2, indicating that septins undergo reorganization during each exocytosis cycle. Partial depletion of septin-2 by siRNA or impairment of septin dynamics by forchlorfenuron inhibited constitutive and stimulated exocytosis of secreted and transmembrane proteins in various cell types. Forchlorfenuron impaired the interaction between SNAP-25 and its chaperone Hsc70, decreasing SNAP-25 levels in cultured neuroendocrine cells, and inhibited both spontaneous and stimulated acetylcholine secretion in mouse motor neurons. The results demonstrate a stimulatory role of septin-2 and the dynamic reorganization of septin oligomers in exocytosis.
Membrane fusion is essential for intracellular vesicular trafficking and exocytosis in all eukaryotic cells, including synaptic exocytosis in neurons. Membrane fusion is promoted by universal machinery that involves soluble N-ethylmaleimide-sensitive factor (NSF) 2 attachment protein receptor (SNARE) proteins (1, 2) . During membrane fusion, vesicular and target SNARE proteins assemble into the trans-SNARE complex that brings the two membranes together, whereas Munc-18-1-like proteins interact with the newly assembled trans-SNARE complexes to facilitate membrane fusion (3) . After fusion, SNARE complexes are dissociated by the ATPase NSF, which allows vesicle SNARE endocytosis and a repeat of the subsequent membrane fusion events (4) . Fusion-competent conformations of SNARE proteins after disassembly are maintained by chaperone complexes composed of cysteine string protein ␣ (Dnajc5), Hsc70 (Hspa8), and small glutamine-rich tetratricopeptide repeat-containing, ␣ (Sgta) and by non-enzymatically acting synuclein chaperones (1, 5, 6) .
Septins are GTP-binding proteins that form hetero-oligomeric complexes and higher order structures, including filaments and rings, and have been recently recognized as a component of the cytoskeleton (7) . Fourteen human isoforms of septins have been identified to date (8) . Recent studies have implicated septins in numerous cellular processes and signaling pathways (7, 9, 10) . Co-purification and co-immunoprecipitation of septins with the exocyst complex, which mediates the tethering of secretory vesicles to the plasma membrane (11, 12) , suggested a possible involvement of septins in targeting vesicles to exocytic sites (13) . Several reports on localization of septins in the presynaptic membrane in neurons (14 -18) , interaction of septins with SNARE proteins (17, 19 -24) , and aberrant exocytosis in cells with altered levels of expression of septin-4 or septin-5 (16, 17, 24) suggested a role for septins in membrane fusion and secretion of neurotransmitters into the synaptic cleft. However, the results on the role of septins in exocytosis are controversial. Mice lacking septin-5 displayed enhanced platelet secretion (24) and enhanced neurotransmission in the immature calyx of Held synapses (16) , suggesting a role for septin-5 in suppressing exocytosis. By contrast, mice lacking septin-4 exhibited diminished dopaminergic neurotransmission (17) , suggesting that septin-4 promotes exocytosis. Mice lacking septin-3 or septin-6 had normal neurotransmission (25, 26) . The involvement of other septins, including the ubiquitously expressed septin-2, in exocytosis has not been examined.
The interpretation of the effects of knocking out particular septins in the whole animal on exocytosis might be misleading given the possibility of functional redundancy and compensatory mechanisms by other septins. Here, to elucidate the role of septins in exocytosis, we used acute down-regulation of the major ubiquitously expressed septin, septin-2, by transient siRNA. In addition, we used the inhibitor of septin organization, forchlorfenuron (FCF), which specifically impairs assembly and disassembly of septin hetero-oligomers (27) (28) (29) without affecting actin or tubulin polymerization (27, 30) . Both FCF and knockdown of septin-2 decreased the rate of exocytosis in cultured cells. By nano-liquid chromatography with tandem mass spectrometry (nLC-MS/MS) and Western blot analyses of the septin-2 interactome, we have identified not only other septins and SNARE proteins as interacting partners but also NSF, Munc-18-1, synucleins, and Hsc70 and found that FCF impaired the interactions of these proteins with each other and with septins. In addition, FCF inhibited both spontaneous and stimulated secretion of neurotransmitters by mouse motor neurons. The results demonstrate the importance of septin-2 and septin dynamics for exocytosis.
EXPERIMENTAL PROCEDURES
Primary Antibodies-A polyclonal antibody against septin-2 (Sigma-Aldrich) and a monoclonal antibody against SNAP-25, clone 71.1 (Synaptic System, Gottingen, Germany), were used for immunoprecipitation. The following monoclonal antibodies were used for Western blot analysis: against the Na,KATPase ␤ 1 subunit, clone 464.8 (Novus Biologicals, Littleton, CO); NSF, clone NSF-1 and actin (EMD Millipore, Temecula, CA), SNAP-25, clone SP-12, horseradish peroxidase-conjugated (LifeSpan BioSciences, Inc., Seattle, WA); Hsc70 (HSPA8), clone 1B5 (Pierce); ␣-SNAP, clone 4E4 and syntaxin-1, clone HPC-1 (Sigma-Aldrich); ␤-synuclein, clone EP1537Y (Novus Biologicals, Littleton, CO); RIG-1 (DDX58 (8D2)) (Abcam, Cambridge, MA); and interleukin 6 (IL-6) (Millipore, Temecula, CA). The following polyclonal antibodies were used for Western blot analysis: septin-7 (H-120) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), septin-2 and septin-9 (Sigma-Aldrich), and ␤-actin (Cell Signaling Technology, Inc., Danvers, MA).
Cell Culture-HEK-293, MDCK, or A549 cells (ATCC, Manassas, VA) and HGT-1 cells (31) were grown in DMEM (Cellgro Mediatech, Manassas, VA) containing 4.5 g/liter glucose, 2 mM L-glutamine, 8 mg/liter phenol red, 100 units/ml penicillin, 0.1 mg/ml streptomycin, and 10% FBS. A549 cells stably expressing Na,K-ATPase ␣ 1 subunit tagged with GFP (32) were grown in the medium supplemented with 3 M ouabain (ICN Biomedicals Inc., Aurora, OH) to suppress endogenous Na,K-ATPase ␣ 1 subunit. The MDCK stable cell line expressing YFP-tagged bile acid transporter and HEK-293 stable cell line expressing YFP-tagged Na,K-ATPase ␤ 1 subunit were constructed as described previously (33) . HGE-20 cells (34) were grown in 50:50 DMEM:F-12 (Invitrogen) with 10% FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. HGE-20 cells, a derivative of the NCI-N87 gastric carcinoma cell line, were provided by Dr. Daniel Mènard, who kindly granted permission to use the cells for this work. Rat pheochromocytoma PC12 cells (ATCC, Manassas, VA) were grown in RPMI 1640 medium with 2 mM GlutaMAX TM , 10 mM HEPES, 1 mM sodium pyruvate, 100 units/ml penicillin, and 100 g/ml streptomycin (Sigma-Aldrich) supplemented with 10% FetalPlex animal serum complex (Gemini Bio-Products, West Sacramento, CA).
Immunoprecipitation-Cells were rinsed twice with ice-cold PBS and lysed by incubation with 50 mM Tris, pH 7.5 containing 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and Complete protease inhibitor mixture (1 tablet/50 ml; Roche Diagnostics) at 4°C for 30 min. Cells were scraped from the plates, and cell extracts were clarified by centrifugation (15,000 ϫ g for 10 min) at 4°C. Mouse brain was homogenized, cell debris was removed by centrifugation (2,000 ϫ g for 10 min), and proteins were extracted by incubation of the supernatant with 50 mM Tris, pH 7.5 containing 1% n-dodecyl ␤-Dmaltoside and Complete protease inhibitor mixture (1 tablet/50 ml) at 4°C for 30 min. Membrane extracts were clarified by centrifugation (100,000 ϫ g for 1 h) at 4°C. Septin-2 or SNAP-25 was immunoprecipitated from total cell lysates (1-2 mg of protein) or mouse brain extracts (0.5-1 mg of protein) by using 2 l of an appropriate antibody as described previously (35) . Protein A-agarose suspension (Roche Diagnostics) was used for immunoprecipitation with rabbit polyclonal septin-2 antibodies, whereas protein G-agarose suspension (Roche Diagnostics) was used for immunoprecipitation with mouse monoclonal SNAP-25 antibodies. The adherent proteins were eluted from the beads by incubation in 35 l of SDS-PAGE sample buffer (4% SDS, 0.05% bromphenol blue, 20% glycerol, 1% ␤-mercaptoethanol in 0.1 M Tris, pH 6.8) for 5 min at 80°C.
Deglycosylation of a Chimeric Protein between Dipeptidyl Peptidase 4 (DPPIV) and the Extracellular Domain of the Na,KATPase ␤ 1 Subunit (Sec-␤1)-Deglycosylation of sec-␤1 present in cell lysates or culture media was performed by using peptide N-glycosidase F from Flavobacterium meningosepticum (New England Biolabs Inc., Ipswich, MA) or endoglycosi-dase H from Streptomyces plicatus (Glyco-Prozyme Inc., Hayward, CA) according to the manufacturers' instructions.
Immunofluorescence Staining-Fixation and immunostaining of cells grown in glass bottom dishes (MatTek Corp., Ashland, MA) were performed as described previously (36) using a polyclonal antibody against septin-2 or septin-9 (SigmaAldrich) and Alexa Fluor 633-conjugated anti-rabbit IgG secondary antibodies (Invitrogen).
Confocal Microscopy and Image Analysis-Confocal microscopy images were acquired using a Zeiss LSM 510 laser-scanning confocal microscope (Carl Zeiss MicroImaging GmbH, Germany) using appropriate laser settings. Confocal microscopy images were analyzed using ZEN 2009 software (Carl Zeiss MicroImaging GmbH). To quantify the intracellular accumulationofvesicles,theratiobetweentheintracellular fluorescence intensity and the total cellular fluorescence intensity was calculated. At least 10 confocal microscopy images per condition were analyzed for each of the three independent experiments. At least five cells were analyzed on each image. To quantify the alterations in septin organization caused by septin-2 siRNA or FCF, the percentage of cells containing continuous septin-2-or septin-9-positive structures that are longer than 2 m was calculated by analyzing at least 10 confocal microscopy images per condition for each of the three independent experiments. The threshold of 2 m was chosen arbitrarily based on the observation that in the majority of untreated cells the size of continuous septin-positive structures was smaller than 2 m. Each image contained at least 20 cells.
Protein Secretion Assay-HEK-293 cells were transiently transfected with the vector encoding the chimera containing 29 N-terminal amino acid residues (comprising a cytoplasmic and a transmembrane domain) of DPPIV and amino acid residues 64 -303 (extracellular domain) of the dog Na,K-ATPase ␤ 1 subunit. This vector, which was constructed by Maura Hamrick in Dr. Douglas Fambrough's laboratory, was a generous gift from Dr. Liora Shoshani. The single L28A amino acid substitution in the DPPIV portion of this chimera generated a cleavage site for the endoplasmic reticulum (ER) signal peptidase, resulting in secretion of the soluble protein sec-␤1 that corresponds to the extracellular domain of the Na,K-ATPase ␤ 1 subunit (37, 38) . To determine the rate of secretion, aliquots of the culture medium were collected at the indicated time periods, and the amount of accumulated sec-␤1 was determined by Western blot analysis. To control for the number of secreting cells and for the level of sec-␤1 expression, the amount of sec-␤1 in the medium was compared with the total amount in cell lysates. The antibody used for Western blot analysis reacts with the extracellular domain of the dog, but not human, Na,K-ATPase ␤ 1 subunit (38) , resulting in specific detection of sec-␤1 without cross-reaction with the endogenous Na,K-ATPase ␤ 1 subunit in HEK-293 cell lysates.
Knockdown of Proteins in HEK-293 Cells-Expression of septin-2 was knocked down by using a mixture of two Ambion predesigned siRNA duplexes: sense, 5Ј-GAAAAUCGACUCU-CAUAAATT-3Ј and antisense, 5Ј-UUUAUGAGAGUCGAU-UUUCCT-3Ј (duplex 1) and sense, 5Ј-CAAUCAAGUUCACC-GAAAATT-3Ј and antisense, 5Ј-UUUUCGGUGAACUUGA-UUGGG-3Ј (duplex 2) (Invitrogen). Knockdown of NSF was performed using the SMARTpool ON-TARGETplus Human NSF (4905) siRNA (Thermo Scientific, Pittsburgh, PA). A mixture of equal amounts of two individual siGENOME siRNAs, 5Ј-GAAGGUGGCUGGUUACGCU (duplex 1) and 5Ј-CAGA-GUUGGUGGACAUCGA (duplex 2) (Thermo Scientific, Pittsburgh, PA) was used to down-regulate ␣-SNAP expression. The Ambion Silencer Negative Control Number 1 siRNA (Invitrogen), was used as a negative control. HEK-293 cells in a 6-well plate (50% confluent) were transfected with siRNA using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturers' protocols. 48 h after the first transfection, cells were transfected again with the mixture of the siRNA that was used in the first transfection and the plasmid that encodes for sec-␤1. Cells were used in the secretion assay 24 h after the second transfection.
For the time course experiments with cycloheximide, to ensure equal expression levels of sec-␤1 in multiple wells, HEK-293 cells were transfected in suspension with the plasmid that encodes for sec-␤1 and then seeded in three 6-well plates. 16 h later, the cells in one of these plates were transfected with septin-2 siRNA, whereas the cells grown in two other plates were transfected with negative control siRNA. Cells were used in the time course experiment 24 h after siRNA transfection.
For imaging experiments, non-transfected HEK-293 cells or HEK-293 cells expressing the YFP-tagged Na,K-ATPase ␤ 1 subunit grown on glass bottom dishes (MatTek Corp.) were transfected with the indicated siRNA. 24 h after transfection with siRNA, cells were either analyzed by confocal microscopy or fixed for the following immunofluorescence staining of septins. Where indicated, 8 h after the first transfection, cells were additionally transfected with the plasmid encoding a fluorescent ER marker, DsRed2-ER (Clontech).
Western Blot Analysis-Immunoprecipitated proteins eluted from the beads and cell lysates were separated by SDS-PAGE, transferred onto nitrocellulose membranes (Bio-Rad), and detected by Western blot analysis as described previously (38) . Immunoblots were quantified by densitometry using Image Studio Software (LI-COR Inc., Lincoln, NE).
nLC-MS/MS of Immunoprecipitated
Proteins-To analyze proteins co-immunoprecipitated with septin-2 by nLC-MS/ MS, immunoprecipitation was performed as described above. Proteins were eluted from the beads by incubation in 35 l of SDS-PAGE sample buffer for 5 min at 80°C and separated by SDS-PAGE using 4 -12% gradient reducing gels. Each lane was excised and sliced into 12 pieces horizontally. Proteins contained in each gel slice were enzymatically cleaved overnight at 37°C with 50 ng of trypsin (Promega, Madison, WI) and extracted from the gel with acetonitrile. Extracted peptides were desalted using C 18 StageTips (39) and analyzed by nLC-MS/MS with collision-induced dissociation. This was performed on an Orbitrap XL mass spectrometer (Thermo Scientific, Waltham, MA) integrated with an Eksigent 2D nano-LC system. A prepacked reverse-phase C 18 75-m ϫ 20-cm column containing C 18 5-m-particle size, 300-Å-pore size resin (Acutech Scientific, San Diego, CA) was used for peptide chromatography and subsequent collision-induced dissociation analyses. Electrospray ionization conditions using a nanospray source (Thermo Fisher Scientific, Waltham, MA) for the Orbitrap were set as follows: capillary temperature of 210°C, tube lens voltage of 125 V, and spray voltage of 2.3 kV. The flow rate for reverse-phase chromatography was 500 nl/min for loading and analytical separation (buffer A, 0.1% formic acid, 3% acetonitrile; buffer B, 0.1% formic acid, 100% acetonitrile). Peptides were resolved by a linear gradient of 3-40% buffer B over 180 min. The LTQ Orbitrap was operated in data-dependent mode with a full precursor scan at high resolution (60,000 at m/z 400) and 10 MS/MS experiments at low resolution on the linear trap while the full scan was completed. For collisioninduced dissociation, the intensity threshold was set to 500 where the mass range was 350 -2,000. Dynamic exclusion was set to a repeat count of 1, repeat duration of 30 s, and exclusion duration of 30 s. Spectra were searched using Mascot software (v2.4, Matrix Science, UK) in which results with p Ͻ 0.05 (95% confidence interval) were considered significant, indicating identity.
Measurements of the Synaptic Secretion of AcetylcholineExperiments were performed on phrenic nerve-diaphragm preparations isolated from mice (BALB/c strain) of both sexes of 20 -25-g body weight. Animals were euthanized in accordance with the European Communities Council Directive (November 24, 1986; 86/609/EEC). The preparations were pinned to the bottom of a 3.5-ml translucent chamber and superfused with the following low Ca 2ϩ , high Mg 2ϩ Ringer's solution: 120.0 mM NaCl, 5.0 mM KCl, 0.5 mM CaCl 2 , 11.0 mM NaHCO 3 , 1.0 mM NaHPO 4 , 5.0 mM MgCl 2 , 11.0 mM glucose, pH 7.3-7.4. The solution flowed through the chamber at a rate of about 5 ml/min under continuous bubbling with 95% O 2 and 5% CO 2 . Where indicated, 20 M FCF was added into the perfusion solution that flowed through the chamber 1 h prior to the measurements of evoked and spontaneous secretion. This concentration of the inhibitor was chosen in preliminary experiments as the minimal concentration that altered spontaneous secretion. Exposure of nerve-diaphragm preparations to 100 M FCF for more than 1 h resulted in a complete blockade of synaptic neurosecretion (not shown).
Suprathreshold stimuli of 0.1-ms duration were applied to the phrenic nerve with 0.5-Hz frequency via a suction electrode filled with the extracellular Ringer's solution. Nerve action potentials and evoked extracellular endplate currents (EPCs) were recorded using heat-polished, Ringer's solution-filled extracellular pipettes with tip diameters of 2-3 m and a resistance of 1-3 megaohms. The extracellular pipette was positioned under visual control (magnification, 256ϫ) near the nerve ending at a site where a three-phase nerve action potential could be recorded (40) . The recorded signals were filtered between 0.03 and 10 kHz and digitized at 3-s intervals by a nine-bit analog-digital converter, and the amplitude, rise time (between 20 and 80% of maximum amplitude), and time constants () of the exponential decay of the EPC were calculated as described previously (41) . To assess the level of spontaneous secretion, 100 -150 spontaneous miniature EPCs were recorded without nerve stimulation, and their mean frequency was calculated. To control for the stability of the recording electrode next to the membrane region of interest during prolonged extracellular recording, only the data sets in which the amplitude of the nerve terminal action potentials as well as the rise and decay of miniature EPCs that varied less than 10% during the experiment were selected for further analysis.
The synaptic delay of evoked EPCs was measured as the time interval between the peak of the inward presynaptic Na ϩ current and the time at which the rising phase of the EPC reached 20% of maximum (41, 42) . The limit of the synaptic delay measurement was set at 50 ms. The EPCs after 1,000 nerve stimuli were collected to build the synaptic delay histograms (for details, see Refs. 41 and 43) . The descending portions of the histograms were fitted to the double exponential function with a fast initial decay phase followed by a slower component. The decay of the first phase that ends at about 3 ms corresponds to the fast synchronous process of neurotransmitter release in response to the action potential. The second phase corresponds to the delayed asynchronous release of the neurotransmitter that persists longer than 3 ms after the nerve stimulation. To quantify the two components of the neurotransmitter release, the EPC signals within the time range of Յ3 ms were counted to quantify the synchronous release, and signals in the range of 3-50 ms were counted to quantify the delayed asynchronous release.
Determination of Basal and Influenza Virus-stimulated IL-6
Release by A549 Cells-A549 cells were seeded at 200,000 cells/ well 24 h before the infection. All cells were seeded in 6-well plates and washed twice with DMEM without serum before the infection with influenza virus. Influenza virus A/WSN/33 (H1N1) was provided by Robert Lamb, Ph.D., Sc.D., Northwestern University, Evanston, IL. Cells were infected with 1 multiplicity of infection influenza virus, and after 8 h in the presence of the virus, they were treated with different concentrations of FCF for 16 h. At the end of the incubation, the culture medium was collected, and after washing with PBS, cells were lysed in lysis buffer (Cell Signaling Technology, Inc.). The amount of IL-6 in the medium was determined using an ELISA kit (Invitrogen) according to the manufacturer's instructions. The amount of septin-2, septin-7, retinoic acid-inducible gene-I, and ␤-actin in cell lysates was analyzed by Western blot.
Statistical Analysis-Statistical analysis was performed using Student's t test (GraphPad Prism 4 software and Microsoft Excel). Statistical significance and the number of experiments are specified in the figure legends.
RESULTS

Identification of Septin-interacting Proteins in Mouse Brain
and Mammalian Cell Lines-To explore the mechanism of the involvement of septins in exocytosis, we analyzed the proteins co-immunoprecipitated with one of the major components of septin filaments, septin-2, from mouse brain extracts by nLC-MS/MS. The analysis identified nine other septins as major septin-2 interactors (Table 1) , which is in agreement with numerous reports on the formation of hetero-oligomers between septin-2 and other septins (8) and makes it impossible to discern at this point whether other identified proteins interact directly with septin-2, other septins, or both. The list of septin interactors includes tubulins, actin, tubulin-and actinbinding proteins, several transmembrane proteins, signaling molecules, calcium-binding proteins, ubiquitin ligases, and deubiquitinating enzymes (data not shown) in agreement with known roles of septins in organizing cortical cytoskeleton (10), clustering of plasma membrane proteins (7, 9) , signaling pathways (21), calcium homeostasis (44) , and degradation processes (8) . A large group of septin interactors detected by nLC-MS/MS contained proteins involved in vesicle trafficking, vesicle/membrane fusion, or vesicle recycling (Table 1) , which is the main focus of this study. Several proteins in this group, such as syntaxin-binding protein 1 (Munc-18-1), synaptojanin-1, and synapsin-2, are associated specifically with synaptic neurotransmission, whereas other proteins, such as clathrin, flotillins, and NSF, are known to be involved in endocytosis and intra-Golgi and endosomal vesicular transport in all eukaryotic cells. Another group of septin interactors includes molecular chaperones (Table 1) , and some of these chaperones are known to be critical for exocytosis (1, 5, 6) . All of the proteins listed in Table  1 , except for other septins, have not been previously reported to interact with septin-2.
Western blot analysis of the proteins co-immunoprecipitated with septin-2 detected the interaction of septin-2 with ␤-synuclein, septin-7, and NSF (Fig. 1A) and Hsc70 (Fig. 1B) in the mouse brain. Syntaxin-1 was also detected in the septin-2 immunoprecipitates by Western blot analysis (Fig. 1A) in agreement with previously published results (19, 20) . The interaction of septin-2 with NSF was also demonstrated in several mammalian cell lines (Fig. 1C) . However, in the mouse brain as well as in cell lines, no interaction was detected between septin-2 and ␣-SNAP, the adaptor protein that mediates NSF binding to the SNARE complex (Table 1 and Fig. 1, A and C) , indicating that septin interacts with free NSF but not with the NSF bound to the SNARE complex.
Quantification of Exocytosis by a Protein Secretion Assay in HEK-293 Cells-To study exocytosis, we established a protein secretion assay in HEK-293 cells by transfecting the cells with a vector encoding sec-␤1, a soluble protein that corresponds to the extracellular domain of the dog Na,K-ATPase ␤ 1 subunit. This protein has two features that make it useful to study protein secretion. First, when expressed in HEK-293 cells, it is rapidly accumulated in the culture medium (38) , allowing fast and sensitive detection of protein secretion. Second, this secreted protein is N-glycosylated. Because N-glycans are covalently added to proteins co-translationally in the ER lumen and then undergo multiple modifications in consecutive compartments of the Golgi, analysis of the sec-␤1 N-glycosylation state allows assessment of its vesicular trafficking through intracellular membrane compartments prior to its release into the medium, and it will allow us to discern specific intracellular trafficking events affected by septins.
Sec-␤1 was efficiently secreted by constitutive exocytosis as a 40 -45-kDa protein that was progressively accumulated in the culture medium for at least 5 h (Fig. 2A) . In cell lysates, sec-␤1 was detected as a major band at 35 kDa and a minor band at 40 -45 kDa (Fig. 2A ). These results demonstrate that cells contain both immature and mature forms of sec-␤1, but only the mature form is secreted. Deglycosylation of both intracellular and extracellular forms of sec-␤1 with peptide N-glycosidase F produced proteins of the same electrophoretic mobility corre- sponding to the expected molecular mass of the core sec-␤1 protein, 28 kDa (Fig. 2B, lanes 5 and 6) . Endoglycosidase H (EndoH), which is known to cleave the high mannose and hybrid, but not complex-type, N-glycans, had no effect on the secreted fraction of sec-␤1, indicating that all N-glycans in the mature exported sec-␤1 are complex-type (Fig. 2B , lane 3 and steps 3 and 4 in the scheme). In contrast, only a minor fraction of the intracellular sec-␤1 at 40 -45 kDa was resistant to EndoH (Fig. 2B, lane 4) . The major fraction of the intracellular sec-␤1 was transformed by EndoH into the deglycosylated form of sec-␤1, indicating that a significant fraction of sec-␤1 present in cell lysates lacks any complex-type N-glycans and hence represents the newly synthesized molecules that have not yet exited from the ER (Fig. 2B, lane 4 and step 1) . The partially deglycosylated protein at 30 -32 kDa seen in the EndoH-treated lysates is a product of the immature sec-␤1 that has started to undergo the transformation of its N-glycans in the Golgi and hence has both EndoH-sensitive and EndoH-resistant N-glycans (Fig. 2B , lane 4 and step 2). Therefore, cell lysates contain mostly the immature forms of sec-␤1 and only a small amount of the mature sec-␤1, demonstrating that the newly synthesized sec-␤1 is secreted to the medium as soon as it traffics through the Golgi and trans-Golgi network.
Septins Are Important for Constitutive Protein Secretion-HEK-293 cells were transfected with septin-2-specific siRNA twice, 72 and 24 h prior to the experiment, as described under "Experimental Procedures." This two-step transfection decreased the septin-2 level by 70% and decreased the septin-7 level by 62% (Fig. 3A) . However, a one-step transfection with septin-2 siRNA followed by 24-h cell incubation decreased the level of septin-2 by 66% but did not alter the level of septin-7 (see Fig. 6B ). The reduction in septin-7 by a prolonged presence of septin-2 siRNA in cells was not likely a result of off-target effects of siRNA because the two regions selected for siRNA duplexes were specific to the septin-2 sequence and not homologous to septin-7 or other known proteins. A decrease in septin-7 level presumably occurs due to post-translational downregulation. It is known that septins exhibit a coordinated regulation of their levels. Particularly, knockdown of septin-7 decreased the level of septin-2 (45-47). The level of expression of septin-9 was not affected by a two-step (not shown) or onestep transfection with septin-2 siRNA (see Fig. 6B ). Septin-2 silencing slightly altered the intracellular distribution of septin-9 by increasing the size of septin-9-containing filaments (Fig. 4B) .
A two-step transfection with septin-2 siRNA reduced the accumulation of sec-␤1 in the medium by 32%, did not change the amount of the immature form of sec-␤1, and increased the amount of its mature form by 18% in cell lysates (Fig. 3B) . Similar changes in cell lysates and medium were observed after a 24-h exposure to septin-2 siRNA (data not shown). Protein secretion was also reduced by depleting one of the important components of the exocytosis machinery, NSF. Transfection of cells with NSF-specific siRNA resulted in a decrease in the cellular amount of NSF by 90% (Fig. 3A) , decreased the amount of sec-␤1 secreted into the medium by 20%, and increased the amount of the mature sec-␤1 inside cells by 12% as compared with the cells transfected with the control siRNA (Fig. 3B) . However, silencing of ␣-SNAP, which in addition to mediating NSF binding to SNARE complexes is known to be involved in the ER to Golgi trafficking (48) , affected protein secretion differently. Transfection of HEK-293 cells with ␣-SNAP-specific siRNA decreased the level of ␣-SNAP by 85% (Fig. 3A) , almost completely prevented sec-␤1 accumulation in the medium, increased accumulation of the immature form of sec-␤1, and resulted in the disappearance of the mature form of sec-␤1 in cell lysates (Fig. 3B) .
Cell exposure to 100 M FCF, which has been previously shown to impair septin dynamics in yeast and mammalian cells (27) (28) (29) , significantly altered the intracellular distribution of both septin-2 and septin-9 by increasing the size of their filaments (Fig. 4) . The addition of 100 M FCF to HEK-293 cells decreased the amount of sec-␤1 released to the medium during a 1-h secretion assay by 63% and almost completely blocked secretion in cells preincubated with the inhibitor for 1 h (Fig. 5) . Exposure of cells to 50 and 25 M FCF for 1 h inhibited exocytosis by 56 and 40%, respectively (data not shown). The glycosylation pattern and the amount of the immature sec-␤1 in cell lysates did not change, whereas the amount of mature sec-␤1 was increased in cells exposed to FCF (Fig. 5) . By contrast, the inhibitor of microtubule polymerization, nocodazole, dramatically decreased the amount of mature sec-␤1 both in the medium and cell lysate (Fig. 5) .
Accumulation of sec-␤1 in the medium was reduced by a one-step transfection of septin-2 siRNA and cell exposure to FCF in the presence of cycloheximide (Fig. 6, A and C) . To evaluate the effects of septin-2 siRNA and FCF on the rates of intracellular trafficking of the newly synthesized sec-␤1, we studied the time course of alterations in the levels of its immature and mature forms in cell lysates in the absence of protein synthesis. The decrease in the amount of the immature ER-resident form of sec-␤1 in control cells (Fig. 6, A and D) is a result of its trafficking from the ER to the Golgi where it undergoes The scheme below the blot shows that sec-␤1 is synthesized as a precursor containing a transmembrane domain of DPPIV fused to the N-terminal end of the extracellular domain of the Na,K-ATPase ␤ 1 subunit. During translation of the DPPIV-sec-␤1 chimera, the hydrophobic sequence of the DPPIV transmembrane domain is inserted in the ER membrane, resulting in the translocation of sec-␤1 to the ER lumen followed by a covalent addition of N-glycans to sec-␤1. Because of the presence of the engineered ER signal peptidase cleavage site between DPPIV and sec-␤1 (38), sec-␤1 is released into the ER lumen, traffics through the Golgi where its N-glycans are transformed to EndoH-resistant complex-type chains by the Golgi glycosyltransferases, and is secreted to the medium. Only the mature sec-␤1 that has all complex-type, EndoH-resistant N-glycans is secreted. M, mature form of sec-␤1; Im, immature form of sec-␤1; DG, deglycosylated form of sec-␤1; TGN, trans-Golgi network.
maturation and acquires complex-type carbohydrate chains (Fig. 2B, step 2) . The decline in the immature form was not altered by septin-2 siRNA or the exposure of cells to FCF (Fig. 6,  A and D) , indicating no effect of these treatments on the ER to Golgi trafficking of sec-␤1 carriers. The decrease in the amount of the mature sec-␤1 in control cells (Fig. 6, A and E) indicates that, in the absence of protein synthesis, the release of sec-␤1 into the medium is more rapid than its trafficking from the ER to the Golgi. This decrease in the level of the mature form was partially abolished by septin-2 siRNA and almost completely prevented by FCF (Fig. 6, A and E) , indicating that both septin silencing and FCF induce the intracellular accumulation of the post-Golgi forms of sec-␤1.
Therefore, both silencing of septin-2 and cell exposure to FCF decrease constitutive secretion of a model protein and increase intracellular accumulation of the post-Golgi species of this protein but do not affect its delivery to and maturation in the Golgi. These effects are in contrast to those of ␣-SNAP depletion or cell exposure to nocodazole, which inhibits protein secretion by preventing trafficking from the ER to the Golgi.
Disruption of Normal Septin Organization and Dynamics by FCF Inhibits Influenza Virus-induced Cytokine Release by A549
Cells-To study whether septin-2 plays a role in stimulated secretion, we analyzed the secretion of cytokines, a hallmark of inflammatory response. We studied the effect of FCF on control and influenza virus-induced secretion of IL-6 by lung epithelial A549 cells. Alveolar epithelial cells are primary targets of influenza virus. Exposure to the virus increases secretion of IL-6 and other inflammatory cytokines that are the earliest antiviral responses in these cells (49) . IL-6 is synthesized as a precursor containing a signal sequence that FIGURE 3. Protein secretion is inhibited by knockdown of septin-2. A, a two-step transfection of cells with specific siRNAs resulted in knockdown of the respective proteins. Septin-2 siRNA resulted in a decrease in levels of septin-2 itself and of septin-7. B, knockdown of septin-2/septin-7 or NSF decreased accumulation of mature sec-␤1 in the culture medium as detected by a 1-h secretion assay and increased the amount of the mature sec-␤1 in cells. Knockdown of ␣-SNAP almost completely eliminated the presence of the mature sec-␤1 both in cells and in the medium and produced accumulation of the immature sec-␤1 in cells. The amount of ␤-actin in cell lysates was determined on the same blots to confirm equal loading. Densitometric quantification was performed for three independent experiments. Error bars, S.D. (n ϭ 3); *, significant difference from the control, p Ͻ 0.01, Student's t test.
allows the translocation of the protein into the ER lumen. After cleavage of a signal peptide, IL-6 traffics through the Golgi and recycling endosomes and is secreted by SNAREmediated exocytosis (50) .
Infection of A549 cells with influenza A/WSN/33 H1N1 virus induced the intracellular expression of retinoic acidinducible gene-I protein, which acts as a sensor for the influenza virus RNA and leads to the release of proinflammatory cytokines (51) . Infection of A549 cells with the virus increased the secretion of IL-6 by more than 10-fold (Fig.  7A) . The increase in secretion correlated with the increase in mRNA levels for IL-6 (data not shown) as reported previously (49) . Exposure of cells to 25 M FCF for 16 h did not alter the virus-induced expression of retinoic acid-inducible gene-I but significantly inhibited secretion of IL-6 (Fig. 7, A  and B) . The level of the intracellular IL-6 was not decreased, showing that FCF did not inhibit transcription or translation of IL-6. Exposure of cells to 25 M FCF did not alter the level of endogenous septin-2 and septin-7 (Fig. 7B ) but resulted in their reorganization as evidenced by the increased size of septin-2 filaments (Fig. 7C) . Similar results were observed in the presence of 50 and 100 M FCF (data not shown). Therefore, disruption of septin dynamics inhibits both basal and virus-stimulated cytokine release.
Septins Are Important for Exocytosis of Transmembrane Proteins-To determine whether septins are also involved in the constitutive exocytosis of transmembrane proteins that leads to the insertion of these proteins in the plasma membrane, we used stable cell lines expressing a YFP-tagged Na,KATPase ␤ 1 subunit, a GFP-tagged Na,K-ATPase ␣ 1 subunit, or YFP-tagged basolateral bile acid transporter. All three fusion proteins reside almost exclusively in the plasmalemma in control cells (Fig. 8, A-C) . Transfection with septin-2 siRNA increased intracellular vesicular accumulation of the Na,KATPase ␤ 1 subunit in HEK-293 (Fig. 8A) and Na,K-ATPase ␣ 1 subunit in A549 cells (Fig. 8B) . Cell exposure to 100 M FCF for 3 h resulted in similar intracellular vesicular accumulation of the Na,K-ATPase ␤ 1 subunit in HEK-293 cells (not shown), Na,K-ATPase ␣ 1 subunit in A549 cells (Fig. 8B) , or bile acid transporter in MDCK cells (Fig. 8C) . Exposure to FCF altered the distribution and size of septin-2 filaments in MDCK cells (Fig. 8D) . The vesicular accumulation of the transmembrane proteins in septin-depleted or FCF-exposed cells contrasts with predominant ER retention of the Na,K-ATPase ␤ 1 subunit in ␣-SNAP-depleted HEK-293 (Fig. 8A) . The results clearly indicate that transfection of cells with septin-2 siRNA or cell exposure to FCF does not impair the ER to Golgi trafficking of the transmembrane proteins. Also, these results suggest that septin depletion or FCF attenuates insertion of transmembrane proteins into the plasma membrane.
To confirm or rule out the latter hypothesis, we determined the effect of FCF on the rate of exocytosis of transmembrane proteins by using a stable cell line expressing the YFP-tagged basolateral bile acid transporter. In confluent MDCK cells, this protein is localized almost exclusively to the lateral membrane as is evident in the horizontal and vertical confocal microscopy sections of the cell monolayer (Fig. 8C) . By incubating confluent cells in Ca 2ϩ -free PBS for 60 min, we disrupted intercellular junctions, but cells remained attached to the surface (Fig. 9A,  left panels) . Such treatment is known to result in the endocytosis of the proteins located at the lateral membrane. Accordingly, Ca 2ϩ depletion resulted in full internalization of the bile acid transporter in 40% of cells and partial internalization of the transporter in the rest of cells (Fig. 9, A and B) . Replacement of PBS with a Ca 2ϩ -containing culture medium with or without FCF resulted in exocytosis and reinsertion of the transporter in the plasmalemma, which we monitored by time lapse confocal microscopy. In the absence of FCF, the internalized transporter was detected in the plasmalemma in the majority of the cells after 7 min of cell incubation in the Ca 2ϩ -containing medium and was found in the plasmalemma in all cells after 35 min (Fig.  9, A, arrows, and B) . In the presence of FCF, reinsertion occurred more slowly, and the transporter was not seen at the surface in 20% of cells even after 35 min (Fig. 9, A, arrowheads,  and B) . The intercellular junctions were re-established between all cells 2 h after adding back Ca 2ϩ both in the absence and in the presence of FCF (Fig. 9C) . However, in the absence of FCF, the transporter was predominantly detected in the plasmalemma, whereas in the presence of FCF, the transporter was seen both in the plasmalemma and in intracellular vesicles (Fig. 9C) . The results show that insertion of the transporter into the lateral membrane was significantly attenuated by FCF.
FCF Inhibits Both Spontaneous and Stimulated Neurotransmitter Release in Motor
Neurons-To study the involvement of septins in exocytosis of neuronal synaptic vesicles, we measured neurotransmitter release in mouse phrenic nerve-diaphragm preparations using electrophysiological methods. The frequency of spontaneous miniature EPCs detected without nerve stimulation was decreased by 30% after a 60-min exposure to 20 M FCF (Fig. 10A) . The synchronous and delayed asynchronous phases of evoked secretion were inhibited in the presence of FCF by 21 and 50%, respectively (Fig. 10B) . In addition, FCF altered the kinetics of secretion by altering the duration of a synaptic delay, which is the time interval between the arrival of an action potential at the nerve terminal and the initiation of the evoked EPCs. Incubation of nerve-diaphragm preparations with 20 M FCF for 1 h decreased the number of EPCs with long synaptic delays (Fig. 10C ), seen as a reduced "tail" in the distribution of synaptic delays (Fig. 10D) . Hence, the cumulative curve was shifted toward smaller values of synaptic delays as compared with that in the control (Fig.  10E) . Therefore, the impairment of septin assembly/disassembly inhibits both spontaneous and evoked neurotransmitter secretion.
Aberrant Assembly and Disassembly of Septin Oligomers Alter the Interactions between the Components of the Exocytosis
Apparatus-Exposure of cultured undifferentiated neuroendocrine PC12 cells to 100 M FCF for 2 h decreased the amount of Hsc70 co-immunoprecipitated with SNAP-25 by 21% (Fig. 11,  A and B) . 24-h incubation with FCF decreased the amount of SNAP-25-bound Hsc70 by 48% (Fig. 11, A and B) . In parallel, 24-h incubation of cells with FCF reduced the total amount of SNAP-25 in cell lysates by 51% (Fig. 11, A and B) . These results show that FCF impairs the interaction between SNAP-25 and its chaperone Hsc70 and hence increases the susceptibility of SNAP-25 to degradation.
In addition, FCF exposure decreased the resistance of SNARE complexes to dissociation by SDS. In PC12 cell lysates that were preincubated in SDS-containing buffer at 25°C prior to SDS-PAGE, syntaxin-1 was detected by Western blotting as two bands (Fig. 11C) . The lower band at 35 kDa corresponds to a monomeric form of syntaxin-1, whereas the upper wide band corresponds to partially disassembled SNARE complexes. The ratio between free and complex-bound syntaxin-1 was increased by FCF (Fig. 11, C and D) , suggesting that impairment of septin dynamics by the inhibitor destabilizes the SNARE complexes. Boiling of samples resulted in complete dissociation FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 of SNARE complexes and detection of exclusively monomeric forms of syntaxin-1 (Fig. 11C) . Only a monomeric form of NSF was detected in boiled and non-boiled lysates of PC-12 cells (Fig. 11C) . Therefore, interference with septin oligomerization alters the interactions between the proteins of the membrane fusion machinery.
Septin Dynamics and Exocytosis
DISCUSSION
Septin-2 Stimulates Exocytosis-
The results presented here demonstrate that the rate of constitutive protein secretion is reduced by partial depletion of septin-2 and septin-7 (Fig. 3) or septin-2 alone (Fig. 6, B and C) , indicating that septin-2 facilitates protein secretion. These data contrast with previously published data on the inhibitory effect of septin-5 on protein secretion (20, 24) . Protein secretion is a complex process that includes trafficking of the newly synthesized protein through the biosynthetic vesicular pathway followed by docking of mature secretory vesicles in the plasma membrane and the SNARE-mediated membrane fusion of these vesicles with the plasmalemma. The intracellular transport of vesicles both from the ER to the Golgi and from the Golgi to the plasma membrane is microtubule-dependent (52), and septins are known to regulate the stability and growth of microtubules (46, 47, (53) (54) (55) (56) . Thus, it is crucial to distinguish between the effects of septin silencing on the transport of vesicles from the ER to the plasma membrane and the effects of this treatment on the final stages of FIGURE 6 . Down-regulation of septin-2 or impairment of septin organization by FCF delays the release of Sec-␤1 into medium but not the delivery of Sec-␤1-carrying vesicles from the ER. A, HEK-293 cells expressing sec-␤1 were transfected with septin-2 or negative control siRNA as described under "Experimental Procedures." Cells were incubated for the indicated periods of time with 20 g/ml cycloheximide with or without 100 M FCF as indicated. The amount of sec-␤1 in the medium and cell lysates was determined by immunoblotting. The amount of ␤-actin in cell lysates was determined on the same blots to account for variability in loading. B, exposure of HEK-293 cells to 100 M FCF for 3 h did not alter the total amount of septin-2 or septin-7 as compared to control (Ctr). A one-step transfection of cells with septin-2 siRNA decreased the total level of septin-2 but not the levels of septin-7 or septin-9. C-E, densitometry quantification of the results of three parallel experiments showed that in control cells accumulation of the secreted (S) form of sec-␤1 in medium was accompanied by a decrease in levels of both immature (Im) and mature (M) forms in lysates (left panels). Both septin-2 silencing and cell exposure to FCF reduced the rate of sec-␤1 accumulation in the medium (C). The decline in the immature form was not affected by septin-2 siRNA (D). The level of the mature form was moderately attenuated by down-regulation of septin-2 by siRNA and almost completely prevented by cell exposure to FCF (E). Error bars, S.D. (n ϭ 3 independent experiments); *, significant difference from the same time point in control, p Ͻ 0.05, Student's t test.
exocytosis. Such a distinction has not been made in previous studies on the roles of septin-4 and septin-5 in exocytosis (16, 17, 24) .
Here, we took advantage of a secretion assay in HEK-293 cells that allowed us to determine the localization of the secreted protein during its passage through the biosynthetic secretory pathway based on the glycosylation pattern of sec-␤1 (Fig. 2) . The experiments performed in the absence of protein synthesis demonstrated that both the septin-2 siRNA and cell exposure to FCF reduce the rate of protein secretion and induce the intracellular accumulation of the post-Golgi sec-␤1 carriers but do not alter the rate of the ER to trans-Golgi network trafficking (Fig. 6) . As a result, septin silencing or impairment of septin dynamics by FCF reduces the amount of secreted protein in the medium and increases the intracellular level of the mature protein under steady state conditions (Figs. 3 and 5) . Therefore, the newly synthesized sec-␤1 molecules traffic normally through the Golgi but, due to the impaired exocytosis, accumulate inside the cells. In addition, FCF decreases the rate of exocytosis of internalized transmembrane proteins, leading to their insertion into the plasmalemma (Fig. 9) . Therefore, post-Golgi steps of exocytosis, rather than transport of vesicles from the ER to the Golgi, are impaired by septin-2 siRNA or FCF.
The inhibition of microtubule polymerization with nocodazole dramatically inhibited the ER to Golgi trafficking of sec-␤1 (Fig. 5) , consistent with previously published results on the acute inhibition of ER to Golgi trafficking by microtubule disruption (57) . These results render the possibility that impairment of microtubules by septin-2 siRNA or FCF attenuates the vesicle transport from the Golgi to the plasma membrane but has no effect on vesicle transport from the ER to the Golgi extremely unlikely. Therefore, the presence of septin-2 and its continuous assembly and disassembly with other septins are important for the late steps of exocytosis, such as vesicle docking to or vesicle fusion with the plasmalemma.
In support of this conclusion, the alterations in the amount of secreted and intracellular sec-␤1 by septin-2 siRNA were strikingly similar to those caused by silencing of NSF (Fig. 3) , which is known to be essential for exocytosis (1, 2) . In addition, the impairment of septin dynamics acutely inhibited the rate of acetylcholine release in mouse motor neurons (Fig. 10) , which depends on the pool of fusion-competent neurotransmitterloaded synaptic vesicles rather than the microtubule-dependent delivery of new vesicles from the ER and Golgi (58) . All three known modes of neurotransmitter release, spontaneous, synchronous, and asynchronous, were inhibited (Fig. 10) . Spontaneous neurotransmitter release occurs in the absence of nerve stimuli, synchronous release occurs within several milliseconds after action potential generation in a presynaptic membrane, and asynchronous release persists longer after an action potential (59, 60) . At the molecular level, these three modes may differ in the pools of vesicles, the source of Ca 2ϩ to trigger release, and the identity of the Ca 2ϩ sensor for release but share the key SNARE-mediated fusion mechanism (59, 60) . This strongly suggests that septins can modulate SNARE-mediated membrane fusion.
Septin-containing Protein Complexes Undergo Continuous Reorganization during the Exocytosis/Endocytosis
Cycle-Septin-2 interacts with NSF but not with ␣-SNAP (Fig. 1) , indicating that the interaction between septin-2 and NSF is independent of the known interactions of septin-2, septin-5, septin-4, and septin-8 with syntaxin-1 or syntaxin-4 (17, 19 -22, 24) . Also, septin-2 must be released from NSF prior to the formation of the NSF-SNARE complex (Fig. 12, step 1) and must rebind to NSF after the disassembly of the SNARE complex (Fig. 12, step 2) . Therefore, septin-2-containing protein complexes undergo assembly and disassembly during each exocytosis/endocytosis cycle. These data are in agreement with the previously published results showing that septin-5 interacts with the NSF-free SNARE complex but not with NSF-SNARE complex (19) .
Both septin-2 siRNA and impairment of septin dynamics by FCF reduce the rate of secretion of sec-␤1, induce the intracellular accumulation of the post-Golgi sec-␤1 carriers, do not alter the rate of the ER to Golgi trafficking (Figs. 3, 5, and 6) , and increase intracellular accumulation of vesicular carriers containing transmembrane proteins (Fig. 8) . These observations strongly suggest that the effects of FCF are mediated through septins, consistent with altered distribution of septin-2 and septin-9 by FCF in all cell lines used in the present study (Figs. 4,  7C, and 8D) . A recent study demonstrated that FCF alters mitochondrial morphology (61) . Based on this observation, the authors suggested the existence of non-septin targets of FCF, but no such targets have been identified (61) . Moreover, no evidence has been presented that the morphological changes in mitochondria are independent of the FCF-induced impairment of assembly and disassembly of septins that are known to reside in mitochondria (62) . Conversely, similar effects of FCF and septin silencing on various cellular processes, including mitosis and cell migration (27) , protein stability (63), glucose transport (23), store-operated Ca 2ϩ influx (44) , ciliogenesis (47), epithelial junctions (64) , gastrulation during embryogenesis (65) , and bacterial invasion (66) , demonstrate that FCF is a valuable tool to interfere with septin dynamics. The inhibitory effects of FCF on constitutive protein secretion, exocytosis-mediated insertion of transmembrane proteins in the plasmalemma, induced cytokine secretion, and both spontaneous and stimulated neurotransmitter release (Figs. 5-9 ) indicate that normal assembly and disassembly of septin oligomers is important for exocytosis of proteins (both secreted and transmembrane) and neurotransmitters.
Septins Regulate Exocytosis by Dynamically Interacting with Key Components of the Exocytosis Machinery-Our data on the importance of septin-2 and septin dynamics for the late steps of exocytosis are consistent with previously published results on the interaction of septins with the mammalian exocyst complex (13, 67, 68) and SNARE proteins (17, 19 -24) , which facilitate vesicle docking and fusion, respectively. Here, we demonstrated that septin-2 interacts with other key components of the exocytosis/recycling machinery (Table 1) , including the chaperones that maintain functional conformation of individual SNARE proteins, Munc-18-1 that facilitates the assembly of SNARE complexes prior to membrane fusion and is important for vesicle priming, and NSF that promotes disassembly of SNARE complexes after completing the fusion event (Table 1 and Figs. 1 and 11) . Each of these septin-interacting proteins is essential for exocytosis (1, 2, 5) , suggesting that the impairment of all or some of these interactions by septin-2 siRNA or impairment of septin dynamics by FCF may be responsible for the observed reduction in exocytosis.
Our results demonstrate that septins are important for normal interaction of SNAP-25 with its chaperone Hsc70. The monomeric SNAP-25 is known to directly interact with the Hsc70-containing trimeric chaperone complex in neurons, and this interaction facilitates the formation of functional SNARE complexes by preventing the aggregation and degradation of the monomeric SNAP-25 (69) . Here, we demonstrate that exposure of neuroendocrine cells to FCF impairs the interaction between SNAP-25 and Hsc70, reduces the total amount of SNAP-25, and decreases the resistance of SNARE complexes to dissociation by SDS (Fig. 11) . Septin oligomers facilitate the interaction between SNAP-25 and its chaperones presumably by forming a membrane-associated scaffold for this protein complex. Disruption of normal septin polymerization by FCF impairs the interaction between monomeric SNAP-25 and Hsc70 and increases the susceptibility of SNAP-25 to degradation. The resulting decrease in the cellular levels of SNAP-25 affects the formation of SNARE complexes and inhibits exocytosis. Therefore, rearrangements of septin-containing protein complexes are important for the interaction of monomeric SNAP-25 with its chaperones (Fig. 12, step 2) , protecting SNAP-25 from intracellular degradation and enabling normal SNARE complex formation (Fig. 12, step 3) .
The interaction between septin-2 and NSF (Table 1 and Fig.  1 ) suggests that septin-2 might also be involved in regulation of the disassembly of SNARE complexes after exocytosis (Fig. 12,  step 2) . Could septins facilitate exocytosis by immobilizing the SNARE-free NSF to prevent the premature dissociation of SNARE complexes? This possibility has been ruled out because NSF silencing decreases secretion (Fig. 3) . Instead, the data favor the alternative mechanism implying that septins interact separately with NSF and SNARE complexes to facilitate their localized and timely interaction in the target membrane and must be released to allow the formation of the NSF-SNARE complex (Fig. 12, step 1) .
In conclusion, comprehensive proteomic analysis of the septin interactome followed by physiological assays in cultured cells and mouse neuromuscular junctions demonstrates that both the presence of septin-2 and dynamic reorganization of septin-containing complexes are important for the late steps of exocytosis at the plasma membrane, such as vesicle docking to or vesicle fusion with the plasmalemma. Septins regulate exocytosis by interacting with key components of the membrane fusion machinery and facilitating their localized and timely interactions.
